Single-molecule visualization of Saccharomyces cerevisiae leading-strand synthesis reveals dynamic interaction between MTC and the replisome
48
Significance Statement. Replication of genomic DNA is essential to all cells. The 49 replisome, the multi-protein machine that performs DNA replication, contains many moving 50 parts, the actions of which are poorly understood. Unraveling the dynamic behavior of these 51 proteins requires novel application of single-molecule imaging techniques, to eliminate 52 averaging inherent in ensemble methods and to directly observe short-lived events. Here, 53
we present the first single-molecule observations of an active S. cerevisiae replisome using 54 purified proteins. We find that a checkpoint complex (Mrc1-Tof1-Csm3), known to bind and 55 to speed up the replisome, interacts only transiently with the replisome. This work represents 56 a major step towards establishing the tools needed to understand the detailed kinetics of 57 proteins within the complex eukaryotic replisome. 58 59 \body 60
The replisome is the molecular machine that coordinates the enzymatic activities required for 61 genome duplication. It contains proteins responsible for DNA unwinding, depositing primers, 62 synthesizing DNA, and coordinating DNA production on both strands. The replisome in 63 eukaryotes is a sophisticated and highly regulated machine; its assembly is performed by 64 origin-initiation proteins and kinases that restrict chromosome duplication to a single round to 65 ensure proper ploidy across multiple chromosomes. Replisome operations must be finely 66 tuned to adjust to changing cellular conditions and to interface with numerous repair 67 pathways. While the minimal operating machinery to advance a replication fork has been 68 established in vitro (1, 2), the reactions were unable to achieve rates measured in vivo. This 69 deficiency is not surprising considering the several additional proteins that move with 70 replisomes in vivo (3, 4) . The evolution of checkpoints has provided eukaryotic cells with 71 surveillance mechanisms that orchestrate the recruitment of many other proteins to 72 replication forks that modulate replisome activity. Using simplified in vitro assays, study of 73 these additional proteins has resulted in the reconstitution of efficient leading-and lagging-74 strand DNA replication on naked and chromatinized templates in vitro (1, 3-7). 75 76
Once CMG helicase and the Pol ε leading-strand DNA polymerase (together called CMGE) 77 are assembled at the replication fork, additional proteins are conscripted to the complex to 78 form the RPC. These proteins include Ctf4, Csm3, FACT, Mrc1, Pol α, Tof1, and Top1 (8). Ithas been shown that Mrc1, a yeast homolog of Claspin and an S-phase specific mediator 80 protein of the DNA damage response, is recruited to the fork (8, 9) and increases the rate of 81 replication in vivo about 2-fold (10-12). In vitro studies confirm that Mrc1 increases the speed 82 of replication forks to rates similar to those measured in vivo (5). inclusion of Csm3/Tolf1 83 stimulated the functional association of Mrc1 with the replisome. Mrc1 binds both the N-and 84 C-terminal halves of Pol2, the polymerase/exonuclease of Pol ε (13). Given that we have 85 only begun to determine the exact roles of the individual proteins at the fork, understanding 86 basic mechanisms during DNA replication that coordinate enzymatic activity has thus far 87 been very challenging. To date, all in vitro methods used to study S. cerevisiae DNA 88 replisome activity have relied on traditional biochemical techniques (1-5, 7). Such 89 experiments have provided the molecular mechanisms that target the replicative 90 polymerases to their respective strands during bulk DNA synthesis (1) (2) (3) 14) . However, these 91 ensemble methods only report averages of total DNA synthesis. The dynamic behaviors that 92 actually govern transitions through multiple conformational states, driven by a hierarchy of 93 strong and weak interactions, are inaccessible using traditional biochemical assays. This 94 knowledge is essential to understand these processes in biophysical detail. Single-molecule 95 based approaches of DNA replication allow real-time observation of individual replisomes, 96 revealing rare intermediates and often surprising dynamics during replication that cannot be 97 otherwise detected (15) (16) (17) . 98 99
Here, we use single-molecule tethered-bead assays to study the kinetics of the leading 100 strand replisome of a eukaryote, which has homologous replication machinery to that used in 101 human. The minimal replisome system is reconstituted from the helicase complex Cdc45, 102 MCM2-7, GINS (CMG), the leading-strand DNA Pol ε, the clamp loader Replication Factor C 103 (RFC), the sliding clamp Proliferating Cell Nuclear Antigen (PCNA) and single-stranded DNA 104 (ssDNA) binding protein (SSB). In the current report we observe synthesis of the leading 105 strand in real time at rates consistent with cellular observations. In the presence of 106
Minichromosome maintenance protein 10 (Mcm10), we observe a 3-fold increase in the 107 number of productive replication events and an increase in the basal rate of the minimal 108 replisome, supporting the role of Mcm10 in fork rate and stability after origin firing (6). Mrc1 109 forms a complex with Tof1 and Csm3, referred to as the MTC fork protection complex. The 110 MTC complex is generally thought to function when the replication fork is challenged with 111 DNA damage or at replication fork barriers (8, 9, 18) . In the presence of MTC we observe 112 significantly increased rates of replication, consistent with values previously published (5), 113 and observations that MTC regulates fork speed in the cell (13). Unexpectedly, the MTC 114 complex causes multiple changes in rate over time during a single leading-strand replication 115 reaction observed at the single-molecule level. In sum, the observations documented herein 116
show a highly dynamic interaction between MTC and the leading-strand replisome. 117 118
Results.
119
Single-molecule visualization of leading-strand synthesis. We use a single-molecule 120 tethered-bead flow-stretching assay (19, 20) to directly visualize the replication kinetics of 121 individual S. cerevisiae leading-strand replisomes. A linear and double-stranded DNA 122 substrate (Fig. S1 ) containing a replication fork is attached to a microbead on one end and 123 the surface of a microscope cover slip on the other (Fig. 1 C) . We apply a laminar flow to 124 exert a controllable drag force on the beads, and thus stretch out the DNA molecules. We 125 use ultra-wide-field, low-magnification microscopy to image thousands of beads and relate 126 bead movement to changes in DNA length (17) ( Fig. 1 A and B) . At drag forces lower than 6 127 pN, ssDNA is approximately six times shorter than double-stranded DNA (dsDNA) (19, 21 properties of individual replisomes such as rate (and changes therein) and the product 138 length (the total number of nucleotides synthesized per replisome during the experiment). 139
To recapitulate previous in vitro (2) results at the single-molecule level, we visualized 140 leading-strand DNA synthesis using the single-molecule tethered-bead flow-stretching assay 141 (Fig. 1 D) . The biotinylated fork is tethered to the streptavidin coated surface of the flow cell 142 and the digoxigenin couples to a 2.8-µm, anti-digoxigenin coated bead ((Materials and 143 Methods)). The leading-strand arm of the fork contains a 3' ssDNA tail that is exposed to the 144 solution to facilitate loading of CMG helicase 145
Measuring the length difference between ssDNA and dsDNA provides a ratio between the 146 number of processed nucleotides by the DNA polymerase and the amount of observed 147
shortening. Due to the presence of ssDNA binding protein the measured contour length of 148 ssDNA will be higher than that for naked ssDNA. To correct for this difference, we measured 149 the change in ssDNA length upon RPA binding and the ratio was derived between the 150 lengths of dsDNA and RPA-coated ssDNA (Fig. S2 ). This value was 106 ± 10 %, making 151 RPA-coated ssDNA almost the same length as dsDNA. RPA is therefore incompatible with 152 the visualization of changes in DNA length during leading-strand synthesis. Consequently, 153
we used E. coli SSB in all replication assays, as ssDNA coated with SSB has a contour 154 length that is 24 ± 2 % that of dsDNA, corresponding to an experimental conversion factor of 155 5596 ± 73 nt/µm (Fig. S2 ). E. coli SSB and S. cerevisiae RPA give indistinguishable results 156 in the leading-strand synthesis reaction (Fig. S3 ).
158
Single-molecule replication rates of Pol ε-dependent leading-strand synthesis. The 159 experimental strategy for establishing the leading-strand replisome is outlined in Fig. 1 The product length of Pol ε-dependent leading-strand synthesis was measured to be 0.9 ± 182 0.2 kilonucleotides (knt) in the 20-minute observation time (Fig. S4 A) . These rate values for 183 a minimal leading-strand replisome are consistent with previously reported ensemble 184 experiments (1, 2). In the absence of the four dNTPs no replication events were observed, 185 demonstrating that the observed bead movements are enzyme dependent. We note that 186 previous ensemble assays of recombinant CMG show that CMG binds DNA for up to one 187 hour, and that these longer time windows enable CMGE-PCNA to eventually complete 188 synthesis of a 3-kb template (1-3). In our current setup, however, the typical observation 189 time is 20 minutes, and we cannot directly observe when enzyme binding and/or unbinding 190 occurs. The processivity/stability of these components on DNA and proficiency to exchange 191 with components from solution will be the subject of a future study. 192
To exclude the possibility of Pol ε-independent unwinding of dsDNA by CMG, we performed 193 the experiment in the absence of Pol ε. As expected, we do not see any replication events 194 ( Fig. 2 A) . We also performed the experiment lacking CMG, but detect no replication events, in a substoichiometric fashion, suggesting they are not present in every replisome or only 225 transiently associated (8). To provide access to this important kinetic information, we 226 repeated the tethered-bead assay in the presence of 30 nM MTC (Fig. 3 A) . We observe a 2-227 fold increase in average replication rate (19.7 ± 1.2 nt/s) in the presence of MTC consistent 228 with in vivo observations of fork speed in the presence and absence of Mrc1 ( Fig. 3 B) , and 229 an increase in product length (compare Fig. S4 B with Fig. S4 C) . The overall 1.8-fold rate 230 increase is consistent with several in vivo studies of Mrc1 deficient cells (10-12). Previous 231 work reported that Mrc1 is responsible for the increased fork speed, even though the 232 interaction of MTC with the replisome is largely mediated by Tof1, and that Mrc1 function is 233 largely aided by the presence of Tof1 (5, 8, 12, 13, 18) . Consistent with this observation, the 234 increase in leading-strand fork speed we observe requires MTC and is not observed using 235 only the (Tof1-Csm3) TC complex. Leading-strand replication performed in the presence of 236 the TC complex, resulted in the loss of the higher rates and loss of the increase in product 237 length compared to the MTC complex that includes Mrc1 (Fig. 3 B Rate changes were defined by the change-point line-fitting analysis (Fig. S6 ). On average 256 we observe 4.5 times more rate changes when MTC is present (Fig. 4 A) . This high 257 frequency of rate changes within individual reactions identifies that MTC interacts with all 258
replisomes, but only transiently. 259
Furthermore we examined the distribution of rates associated with individual switches 260 between rates. We did so by plotting the rate of a change-point segment within a single-261 molecule trace, versus the rate of the previous change-point segment in the same trajectory 262 (Fig. 4 B) . The points in this transition plot represent rate pairs from trajectories with multiple 263 rate changes. While we do observe some rate changes in the absence of MTC (Fig. 4 B  264 top), the points in the transition plot are clustered close to the diagonal. This clustering 265
indicates that the rate changes are only minor, and are probably due to the small intrinsic 266 rate variations of Pol ε−dependent synthesis. In contrast, when MTC is present the points in 267 the transition plot lie much further away from the diagonal (Fig. 4 B bottom) . This deviation 268 from the diagonal shows that the change in the rate between two segments in a single 269 trajectory is large. These large changes imply that the replisome can transition from fast, 270 MTC-mediated rates to the slow rates, and vice versa. To quantify the average change in 271 rate between transitions within a single trajectory, we calculated the average distance from 272 the diagonal for all the points in the transition plot. In the presence of MTC the average rate 273 change is ~2.5-fold higher with a rate change of 13.6 ± 1.1 nt/s (mean ± s.e.m) compared to 274 5.9 ± 0.6 nt/s in the absence of MTC. Moreover, the fact that the off-diagonal points are 275 symmetrically distributed around the diagonal illustrates that it is just as likely for a slow rate 276 segment to be followed by a fast rate segment, as it is for a fast rate segment to be followed 277 by a slow one. This lack of bias reveals that MTC can bind and unbind from the replisome 278 after replication has started. This observation further supports that MTC undergoes cycles of 279 binding to the replisome from solution, and dissociation. We verified that placing the 280 3XFLAG tag on the C-terminus of Mrc1 and no tag on Csm3 within MTC instead of the N-281 terminal FLAG-Mrc1 (i.e. compared to use of a C-terminal FLAG tag on Mrc1 and a C-282 terminal calmodulin tag on Csm3 in (5, 7)) did not result in appreciable differences in the 283 ability of MTC to induce multiple rate changes within single leading-strand replication 284 complexes (Fig. S7 ). 285 286 MTC is transiently associated to the CMGE leading-strand replication fork complex. 287 We reasoned that if MTC is indeed weakly bound to the replisome, we should be able to 288 decrease the frequency of rate transitions by lowering the concentration of MTC. Replication 289 reactions performed in the presence of either 10 nM or 3 nM MTC, showed a reduction in the 290 number of fast rates as well as the frequency of transitions within a single trajectory (Fig.  291  S8) . To extend these observations, we performed leading-strand synthesis under conditions 292 permitting preassembly of replisomes at the fork. If indeed MTC transiently associates with 293 the replisome, we should not see the faster rates when we include MTC during the assembly 294 phase, but omit it from the subsequent replication reaction, as it would dissociate by the time 295 the replication reaction started. As predicted, the rate distribution did not show the fast 296 population (Fig. 4 C) . In contrast, when the CMGE complex is assembled on DNA and Pol 297 ε is omitted from the subsequent replication reaction but MTC is present in the buffer flow, 298 the faster population is evident (Fig. 4 D) . This result indicates that Pol ε remains stably 299 bound to the replisome, consistent with previous reports (3). Combining these results, we 300
hypothesize that MTC has a weak affinity for the leading-strand replisome and interacts in a 301 dynamic fashion to increase the rate of the replication fork. 302 303
Discussion. 304
We have used a DNA-stretching assay to visualize in vitro leading-strand synthesis by the S. The current study demonstrates that the MTC complex increases the rate of leading-strand 328 synthesis in an unexpected fashion (summarized in Fig. 5 C) . The MTC complex appears to 329 act in a highly dynamic fashion, only transiently active at the replisome. This observation is 330 consistent with the substoichiometric presence of these subunits in the RPC complex (34). 331
We observe processive leading-strand reactions at the single-molecule level with short-lived 332 phases of higher rates that we interpret as corresponding to MTC binding to the replisome. 333
Interestingly, the instantaneous rate during these phases increases by 3-fold, but average 334 out to an approximately 2-fold average rate increase because they do not persist throughout 335 the entire trajectory of an individual replisome. Further, the 2-fold average rate increase is 336 consistent with observations of Mrc1 in the cellular context (10-12 an OD 600 of 0.6 (ampicillin and kanamycin resistant), induced with isopropyl β-D-1-600 thiogalactopyranoside (IPTG) for 18 h at 15°C, and collected and lysed using a pressure 601 cell. Supernatant of lysed cells was applied to a 10 mL Chelating Sepharose Fast Flow (GE 602 Healthcare) column charged with 50 mM nickel(II) sulfate and equilibrated with equilibration 603 buffer (20 mM Tris-HCl pH 7.9, 5 mM imidazole, 500 mM sodium chloride, 0.01% (v/v) NP-604 40). After loading, the column was washed with equilibration buffer, then proteins were 605 eluted in equilibration buffer containing 375 mM imidazole. Fractions were monitored by 606 SDS-PAGE and peak fractions containing Mcm10 were applied to a 6 mL Anti-Flag M2 resin 607 (Sigma) equilibrated in 20 mM Tris-HCl pH 7.5, 10% (v/v) glycerol, 500 mM sodium chloride, 608 1 mM dithiothreitol, 1 mM magnesium chloride, 0.01% (v/v) NP-40. After loading and 609 subsequent washing with 50 mL equilibration buffer, the proteins were eluted using two 6 mL 610 treatments of elution buffer containing 0.2 mg/mL 3X FLAG peptide (EZ Biolab) for 30 min. 611
Fractions (100 µL) were collected and Mcm10 containing fractions were aliquoted, flash 612 frozen in liquid N 2 , and stored at -80°C ( Figure S9 ). 613
Mrc1-Tof1-Csm3 complex:
The genes encoding 3XFLAG-Mrc1 ( Flag Mrc1), Tof1 and 6xHis 614 Csm3 (Csm3 His ) were amplified from genomic DNA by PCR and inserted into yeast 615 integration vectors similar as described for CMG in (1). Briefly, Flag Mrc1 was integrated at the 616 Ade2 locus, untagged Tof1 at the His3 locus, and Csm1 His at the Leu2 locus, each under 617 control of the Gal1/10 promoter. We also produced a yeast strain having a C-terminal Mrc1 618 3X FLAG tag and untagged Tof1, Csm3; the same procedure was used to purify both 619 complexes (M f TC; Figure S9 ). Cells were initially grown at 30°C in SC-glucose under 620 selection and then they were divided into flasks containing YP-glycerol. Cell strains were 621 grown at 30°C to OD600 of approximately 0.7, then induced by adding 20 g galactose/L for 6 h. 622
After induction, cell pellets were collected by low speed centrifugation, resuspended in a 623 minimal volume of 20 mM HEPES, pH 7.6, 1.2% (w/v) polyvinylpyrrolidone and flash frozen 624 by dripping into liquid N 2 . Induced cells were lysed using a cryogenic grinding mill (SPEX),
